Trichlorostannyl complexes [M(SnCl 3 )(bpy) 2 P]BPh 4 [M = Ru, P = P(OEt) 3 1a, PPh(OEt) 2 1b; M = Os, P = P(OEt) 3 2; bpy = 2,2 -bipyridine] were prepared by allowing chloro complexes [MCl(bpy) 2 P]BPh 4 to react with SnCl 2 in 1,2-dichloroethane. Bis(trichlorostannyl) compounds Ru(SnCl 3 ) 2 (N-N)P 2 [N-N = bpy, P = P(OEt) 3 3a, PPh(OEt) 2 3b; N-N = 1,10-phenanthroline (phen), P = P(OEt) 3 4] were also prepared by reacting [RuCl(N-N) 
Introduction
Transition-metal stannyl complexes [M]-SnX 3 and [M]-SnR 3 have been extensively studied in the past 25 years, 1-4 because of the variety of reactions that they may undergo, including ligand substitution to the metal centre and nucleophilic reactions at the stannyl group. Tin ligands are also widely used to modify the activity of noble metal catalysts.
1,4
Among ligands used in transition-metal stannyl chemistry, a prominent role is played by p-acceptors such as CO, tertiary phosphine, and cyclopentadienyls.
1-3 Less attention has been paid to nitrogen donors as ancillary ligands, and only a few examples of stannyl complexes stabilised by a-diimine or tetraazabutadiene ligands have been reported so far. + (X = Cl, H) complexes of the iron triad. 6, 7 We also observed 8 that the use of the tris(pyrazolyl)borate ligand in mixed-ligand ruthenium and osmium complexes gave rise to the synthesis of the first complexes containing tin trihydride [M]-SnH 3 as a ligand. We have now extended these studies, with the aim of verifying whether 2,2 -bipyridine (bpy) and 1,10-phenanthroline (phen) as supporting ligands can give rise to the synthesis of a Dipartimento di Chimica, Università Ca Foscari di Venezia, Dorsoduro, 2137, 30123 Venezia, Italy. E-mail: albertin@unive stable tin trihydride complexes. The results of these studies, which involve the preparation of novel mono and bis(stannyl) complexes of ruthenium and osmium, are reported here.
Experimental General comments
All synthetic work was carried out in an appropriate atmosphere (Ar, N 2 ), by means of standard Schlenk techniques or a vacuum atmosphere dry-box. Once isolated, the complexes were found to be stable in air and were handled without particular caution. All solvents were dried over appropriate drying agents, degassed on a vacuum line, and distilled into vacuum-tight storage flasks. RuCl 3 ·3H 2 O and (NH 4 ) 2 OsCl 6 salts were Pressure Chemical Co.
(USA) products, used as received. The phosphite PPh(OEt) 2 was prepared by the method of Rabinowitz and Pellon. 9 The reagent MgBrMe (3 mol dm −3 solution in diethylether) was an Aldrich product used as received. Lithium acetylide Li + [RC≡C] − (R = ptolyl) was prepared by reacting a slight excess of the appropriate acetylene (35 mmol) with lithium (30 mmol, 0.21 g) in 20 cm 3 of tetrahydrofuran (thf). tert-Butyl acetylide Li + [Bu t C≡C] − was prepared by adding a solution of LiBu n 2.5 mol dm −3 in hexane (15 mmol, 6.0 cm 3 ) to a solution of Bu t C≡CH (20 mmol, 2.46 cm 3 ) in 10 cm 3 of thf cooled to −80 • C. The reaction mixture was stirred for 20-30 min at −80
• C and then used. Other reagents were purchased from commercial sources in the highest available purity and used as received. Infrared spectra were recorded on a PerkinElmer Spectrum One FT-IR spectrophotometer. NMR spectra ( 1 H, 31 P, 13 C, 119 Sn) were obtained on AC200 or AVANCE 300 Bruker spectrometers at temperatures between −90 and +30
• C, unless otherwise noted.
1 H and 13 C spectra are referred to internal 
Synthesis of complexes
[MCl(bpy) 2 P]BPh 4 [M = Ru, Os; bpy = 1,2-bipyridine; P = P(OEt) 3 , PPh(OEt) 2 ] and [RuCl(N-N)P 3 ]BPh 4 [N-N = bpy, 1,10-phenanthroline (phen); P = P(OEt) 3 , PPh(OEt) 2 ] complexes were prepared following previously reported methods.
6
[Ru(SnCl 3 )(bpy) 2 P]BPh 4 1 [P = P(OEt) 3 1a, PPh(OEt) 2 1b] Method A. In a 250-cm 3 three-necked round-bottomed flask were placed 1.0 mmol of [RuCl(bpy) 2 P]BPh 4 , 5.0 mmol (1.1 g) of SnCl 2 ·2H 2 O, and 80 cm 3 of ethanol. The reaction mixture was refluxed for 4 h and then stirred at room temperature until a yellow gummy material separated out, which was collected and triturated with ethanol (50 cm 3 ) containing an excess of NaBPh 4 (2 mmol, 0.68 g). After 4 h of stirring, the orange-yellow solid which separated out was filtered and crystallised from CH 2 Cl 2 and ethanol; yield ≥50%.
Method B.
In a 100-cm 3 three-necked round-bottomed flask were placed 2 mmol of [RuCl(bpy) 2 P]BPh 4 , 10.0 mmol (1.9 g) of anhydrous SnCl 2 , and 60 cm 3 of dichloroethane. The reaction mixture was refluxed for 20 min, cooled to room temperature and filtered to remove the unreacted SnCl 2 . The resulting solution was evaporated to dryness under reduced pressure to give an oil which was treated with ethanol (20 cm 3 ) containing an excess of NaBPh 4 (4 mmol, 1.37 g). A yellow solid slowly separated out, which was filtered and crystallised from CH 2 Cl 2 and ethanol; yield ≥90%. of thf cooled to −196 • C. The reaction mixture was left to reach room temperature and stirred for 20 min. The solvent was removed under reduced pressure to give an oil which was triturated with ethanol (3 cm 3 ) and then an excess of NaBPh 4 (0.36 mmol, 123 mg) in 2 cm 3 of ethanol was added. A red (Ru) or black (Os) solid slowly separated out from the resulting solution, which was filtered and crystallised from acetone and ethanol; yield ≥70% for ruthenium and ≥65% for osmium. 10 An excess of MgBrMe (2.4 mmol, 800 lL of a 3 mol dm • C. The reaction mixture was left to reach room temperature, stirred for 15 min, and then the solvent removed under reduced pressure. The stannyl complex was extracted from the oil obtained with four 5 cm 3 portions of benzene. The extracts were evaporated to dryness leaving an oil which was triturated with ethanol (4 cm 3 ). A yellow solid slowly separated out by cooling to the resulting solution −25
• C, which was filtered and crystallised from toluene and ethanol; yield ≥40%. 13 Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were included in idealised positions and refined with isotropic displacement parameters. Atomic scattering factors and anomalous dispersion corrections for all atoms were taken from the International Tables for X-ray Crystallography.
14 Details of crystal data and structural refinement are given in Table 1 .
Results and discussion

Synthesis of stannyl complexes
Cationic monophosphine complexes [MCl(bpy) 2 P] + react with SnCl 2 to give trichlorostannyl [M(SnCl 3 )(bpy) 2 P] + 1, 2 derivatives, which were isolated as BPh 4 salts and characterised (Scheme 1).
Scheme 1 M = Ru, P = P(OEt) 3 1a, PPh(OEt) 2 1b; M = Os, P = P(OEt) 3 2. The related cationic tris(phosphine) [RuCl(N-N)P 3 ] + complexes react with SnCl 2 ·2H 2 O to give the bis(trichlorostannyl) Ru(SnCl 3 ) 2 (N-N)P 2 3, 4 derivatives in about 60% yield (Scheme 2).
Scheme 2 N-N = bpy, P = P(OEt) 3 3a, PPh(OEt) 2 3b; N-N = phen, P = P(OEt) 3 4.
The formation of bis(trichlorostannyl) complexes 3, 4, starting from monochloro [RuCl(N-N)P 3 ] + precursors is rather unexpected, and probably involves several intermediates. In order to obtain information on the reaction path, we monitored the progress of the reaction by NMR spectroscopy, but unfortunately no intermediate was observed and therefore no reasonable path may be proposed for the formation of bis(stannyl) derivatives 3, 4.
Treatment of monostannyl [M(SnCl 3 )(N-N) 2 P] + 1a, 2 cations with NaBH 4 in ethanol gave the trihydride [M(SnH 3 )(N-N) 2 P] + 5, 6 derivatives, which were isolated as BPh 4 salts in good yields (Scheme 3).
Scheme 3 M = Ru 5, Os 6; N-N = bpy; P = P(OEt) 3 .
Crucial for successful synthesis was to start the reaction at a low temperature (−196 • C) and to extract the trihydridestannyl compounds with thf. Otherwise, large amounts of decomposition products were obtained, which prevented purification of the complexes.
The bis(trichlorostannyl) Ru(SnCl 3 ) 2 (N-N)P 2 3 complex also reacted with NaBH 4 (Scheme 3) to afford an oily product which could not be separated as a solid. However, the spectroscopic data strongly support its formulation as a bis(trihydridestannyl) Ru(SnH 3 ) 2 (N-N)P 2 7 derivative.
The reaction with NaBH 4 proceeded, in both cases, with the substitution of all the chlorides by H − in the SnCl 3 group, giving the trihydride SnH 3 ligand. These results also highlight the fact that polypyridines, in mixed-ligand complexes with phosphites, can stabilise tin trihydride ligands. In addition, bis(stannyl) complexes 3, 4, 7 can also be prepared with polypyridine as the supporting ligand, including the first example of a metal complex containing two trihydridestannyl groups. Although transition metal bis(stannyl) compounds are known, 5,15 few involve ruthenium as a central metal, and none contain two SnH 3 ligands.
Substitution of all the chlorides in trichlorostannyl [M]-SnCl 3 complexes 1a, 2 also proceeded in the presence of MgBrMe, giving the trimethylstannyl [M(SnMe 3 )(N-N) 2 P] + 8, 9 derivatives, which were separated as BPh 4 salts and characterised (Scheme 4). However, in the case of the bis(trichlorostannyl) Ru(SnCl 3 ) 2 (N-N)P 2 3a precursor, the reaction with the Grignard reagent MgBrMe proceeded with the substitution of only two Cl − , yielding the bis(dimethylstannyl) Ru(SnClMe 2 ) 2 (N-N)P 2 10 complex (Scheme 4). The use of an excess of MgBrMe or of a long reaction time did not lead to the substitution of all three chlorides in SnCl 3 , and the di-substituted Ru(SnClMe 2 ) 2 (N-N)P 2 10 derivative was the only isolated product. 
11-13
and bis[tris(alkynyl)stannyl] Ru{Sn(C≡CR) 3 } 2 (N-N)P 2 14-17 derivatives, respectively, which were isolated in the solid state and characterised (Scheme 5). The reaction proceeded with the substitution of all the chlorides in SnCl 3 , yielding the unprecedented complexes containing tris(alkynyl)stannyl as ligand.
1-3 In fact, although numerous SnR 3 stannyl ligands with various substituents are known, 1-3 the only one containing three alkynyl groups has been obtained in our laboratory.
16
Characterisation of [M]-SnCl 3 and [M]-SnH 3 species
Trichlorostannyl [M(SnCl 3 )(N-N) 2 P]BPh 4 1, 2 complexes were isolated as orange (Ru) or brown (Os) solids, stable in air and in solutions of polar organic solvents, where they behave as 1 : 1
electrolytes. 17 The related bis(trichlorostannyl) Ru(SnCl 3 ) 2 (N-N)P 2 3, 4 complexes are red-brown stable solids and soluble in common organic solvents, where they behave as non-electrolytes. The analytical and spectroscopic data (IR and 1 H, 31 P, 119 Sn NMR; Experimental and Table 2 ) support the proposed formulations and allow a geometry in solution to be established.
The IR spectra of [M]-SnCl 3 complexes 1-4 show the bands characteristic of polypyridine (1600-1300 cm −1 ) and phosphite ligands (m PO at 1200-1050 cm −1 ), the presence of which was confirmed by the 1 H NMR spectra of the compounds. The 31 P spectra of monostannyl [M(SnCl 3 )(N-N) 2 P]BPh 4 1, 2 derivatives were sharp singlets with characteristic satellites, due to coupling with the 119 Sn and 117 Sn nuclei of the SnCl 3 ligand. Instead, the 119 Sn NMR spectra appeared as doublets between −126.1 and −464.1 ppm, due to coupling with one phosphorus nucleus of the phosphite, fitting the proposed formulation for the complexes. In addition, by comparison with literature data,
18
the values for the J119 Sn 31 P at 344-546 Hz in our complexes also suggested the mutually cis position of the phosphite and stannyl ligands. On the basis of these data, cis geometry (I, Scheme 1) is proposed for monostannyl derivatives 1 and 2.
The 31 P and 119 Sn NMR spectra of the bis(trichlorostannyl) Ru(SnCl 3 ) 2 (N-N)P 2 3, 4 derivatives depend on the nature of the phosphite ligands. In the temperature range between +20 and −80
• C, the 31 P NMR spectra of P (OEt) 19 of this coupling constant indicates the mutually trans position of the two stannyl groups. On the basis of these data, cis-trans geometry of type II (Scheme 2) is proposed for bis(trichlorostannyl) complexes 3a and 4. In addition, the observed values of 390.5-389.5 Hz for the J119 Sn 31 P of 3a and 4 confirm the mutually cis position of the phosphite and SnCl 3 ligands, as in geometry II.
In the temperature range between +20 and −80 • C, the 31 P NMR spectrum of Ru(SnCl 3 ) 2 (bpy)[PPh(OEt) 2 ] 2 3b showed an AB quartet at 166-154 ppm, with the characteristic satellites of the 119 Sn and 117 Sn nuclei of the SnCl 3 groups, suggesting the magnetic non-equivalence of the two phosphite ligands. The 119 Sn NMR spectra appeared as a complicated pattern, which can be simulated using two ABM spin systems (M = 119 Sn) with the parameters reported in Table 2 . On the basis of these data, a cis-cis geometry of type III would be present in the bis(stannyl) derivative 3b.
Trihydridestannyl [M(SnH 3 )(bpy) 2 {P(OEt) 3 }]BPh 4 complexes are red (5) or black (6) solids, stable in air and moderately stable in solutions of acetone and thf, where they behave as 1 : 1 electrolytes. 17 Besides the absorptions of the bpy and P(OEt) 3 ligands and the BPh 4 − anion, the IR spectra showed two bands at 1726-1702 cm −1 , attributed to the m SnH of the trihydridestannyl ligand. Diagnostic for the presence of the SnH 3 group, however, were both the 1 H and 119 Sn NMR spectra of the complexes. A multiplet at 2.38 (5) or 2.06 (6) ppm, with the characteristic satellites due to coupling with the 119 Sn and 117 Sn nuclei, was present in the 1 H NMR spectra of 5 and 6, and was attributed to the resonance of the SnH 3 group. As the 31 P spectra were singlets, due to the presence of only one phosphite ligand, the hydride multiplet was simulated with an AX 3 model (A = 31 P, X = 1 H) according to the parameters listed in Experimental, fitting the presence of the SnH 3 ligand. Also the proton-coupled 119 Sn NMR spectra of 5 and 6 appeared as a doublet of quartets, simulable with an AMX 3 model and fitting the proposed formulation. Lastly, the values of J119 Sn 31 P of 370.3 Hz for ruthenium complex 5 and of 259.8 Hz for osmium 6 suggest the mutually cis position of the phosphite and SnH 3 groups, as in type IV geometry (Scheme 3).
Bis(trihydridestannyl) Ru(SnH 3 ) 2 (bpy)[P(OEt) 3 ] 2 complex 7 is a reddish-brown oil, the IR spectrum of which showed a broad strong band at 1722 cm −1 , attributed to the m SnH of the SnH 3 groups. The 1 H NMR spectrum confirmed the presence of the tin trihydride ligand, showing a slightly broad singlet at 3.53 ppm, with the characteristic satellites of the 119 Sn and 117 Sn nuclei. The proton-coupled 119 Sn NMR spectrum also appeared as a triplet of quartets, fitting the presence of the SnH 3 group. The multiplicity of the signals also suggested the magnetic equivalence of the two SnH 3 groups. However, in the spectrum the satellites due to 119 Sn-117 Sn coupling were not observed, so that the mutually cis or trans position of the two SnH 3 groups could not be ascertained. In the temperature range between +20 and −80
• C, the 31 P NMR spectra were sharp singlets with the characteristic 119 Sn and 117 Sn satellites, suggesting the magnetic equivalence of the two phosphite ligands, which would be (J31 P 119 Sn = 217 Hz) in a mutually cis position with respect to the two SnH 3 ligands. These data do not allow us to unambiguously assign a geometry in solution to 7, i.e., to decide between cis-cis or cis-trans geometry although, by analogy with the trichlorostannyl precursor 3a, cis-trans geometry of type V is tentatively proposed.
Characterisation of organostannyl complexes [M]-SnMe 3 and [M]-Sn(C≡CR) 3
The trimethylstannyl [M(SnMe 3 )(bpy) 2 {P(OEt) 3 }]BPh 4 complexes are stable red (8) or black (9) solids, which were characterised by analytical and spectroscopic (IR, 1 H, 31 P, 13 C and 119 Sn NMR) data and by X-ray crystal structure determination of 8.
The asymmetric unit contains a tetraphenylborate anion, a ruthenium complex cation and an acetone solvent molecule. The geometrical parameters of both solvent molecule and anion are as expected and do not require further comment. The cation complex (Fig. 1) consists of a ruthenium atom coordinated by four nitrogen atoms from two bidentate 2,2 -bipyridines, a phosphorus atom of a triethoxyphosphite ligand, and a tin atom from a trimethylstannyl ligand. The coordination polyhedron is a slightly distorted octahedron, in which the tin and the phosphorus atom are mutually cis. The other positions are occupied by nitrogen atoms. The 2,2 -bipyridine ligands are usually anisobidentate 20 and, in this case, the shorter Ru-N distances are those with another trans nitrogen atom. The Ru-N distance trans to the tin atom is about 0.4 Å longer than that trans to a phosphorus atom (Table 3) . The Ru-Sn distance, 2.6521(7) Å , is similar to values previously reported, 1b,21 but the Ru-P distance, 2.210 (2) Å , is slightly shorter than those previously published.
7a,22
The main source of the distortion is probably the small bite of the two bidentate ligands, with chelate angles averaging 77.3(2)
• , and the axial angles show some deviation from expected values. It is noteworthy that the value of the P-Ru-N angle, 169.5(1)
• , shows divergence from the expected regularity. The phosphorus atom is also clearly out of the plane defined by the trans 2,2 -bipyridine ligand, by 0.551(9) Å . This is probably due to the steric requirements of the phosphite ligand, and contrasts with the parameters found for the other monodentate ligand, since the N-Ru-Sn angle takes on a value of 176.75 (13) • (less than 4 • out of linearity) and the tin atom is only 0.081(9) Å out of the plane defined by the bipyridine ligand in trans position.
Besides the signals of the bpy and P(OEt) 3 ligands and BPh 4 − anion, the 1 H NMR spectra of trimethylstannyl complexes [M(SnMe 3 )(bpy) 2 {P(OEt) 3 }]BPh 4 8, 9 showed a singlet near −0.50 ppm, with the characteristic satellites of 119 Sn and 117 Sn, attributed to the methyl protons of the SnMe 3 ligand. In the 13 C spectra, the methyl signal of SnMe 3 was identified at −9.80 (8) and −12.3 (9) ppm as a singlet, with the characteristic satellites due to coupling with the 119 Sn and 117 Sn nuclei. Support for this assignment came from HMQC experiments, which showed a correlation between this signal and the singlet near −0.50 ppm in the proton spectra, fitting the proposed formulation.
The proton-coupled 119 Sn NMR spectra confirmed the presence of the SnMe 3 ligand, showing a complicated multiplet, due to coupling with the phosphorus nucleus of the P(OEt) 3 , and nine methyl protons. However, the 1 H-decoupled spectra appeared as a doublet, fitting the proposed formulation for the complexes. (14) (15) (16) (17) were only observed for ruthenium. All complexes were reddish-brown solids, stable in air and in solutions of organic solvents, where they behave as 1 : 1 electrolytes (11) (12) (13) or nonelectrolytes (14) (15) (16) (17) . Analytical and spectroscopic data (IR and NMR) support the proposed formulation.
The IR spectra of all the alkynylstannyl complexes 11-17 show a medium-intensity band at 2126-2115 cm −1 , attributed to the m C≡C of the alkynyl group. Diagnostic for the presence of the Sn(C≡CR) 3 ligand were the 13 Sn spectrum showed one triplet at −246.2 ppm and a complicated pattern (two multiplets) near −280 ppm, which was simulated with two ABM spin systems (Table 2) , fitting the presence of inequivalent stannyl groups. On the basis of these data, we propose the existence of two isomers with geometries of types IX and X (Scheme 5) for compound 16. In one isomer, the two magnetically equivalent stannyls are in a mutually trans position (IX), whereas in the other, both stannyls and phosphites are magnetically inequivalent and in a mutually cis position (X).
Conclusions
This report indicates that polypyridines (bpy and phen) as supporting ligands in ruthenium and osmium complexes allow the synthesis of a new series of mono-and bis(stannyl) derivatives. Among these, both mono-[M(SnH 3 )(bpy) 2 P]BPh 4 and the unprecedented bis(trihydridestannyl) Ru(SnH 3 ) 2 (bpy)P 2 derivatives are interesting. An easy route for the synthesis of organostannyl derivatives [M(SnMe 3 )(bpy) 2 P]BPh 4 , [Ru{Sn(C≡CR) 3 }(bpy) 2 P]BPh 4 and Ru{Sn(C≡CR) 3 } 2 (N-N)P 2 by substituting chloride in [M]-SnCl 3 complexes with Grignard compounds MgBrMe or lithium acetylides is also reported.
